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SUMMARY

Unlike other agents associated with drug-induced lupus, the isoprenoid alkane pristane induces

autoantibodies pathognomonic of lupus, including anti-Sm, anti-dsDNA, and anti-ribosomal P in BALB/c

and SJL/J mice. The susceptibility of other strains of mice to pristane-induced lupus is unknown and is

the focus of the present study. Anti-nRNP/Sm, anti-Su, and anti-ribosomal P autoantibodies were

produced by most strains of mice surveyed within several months of pristane treatment, although there

was marked interstrain variability in their frequencies, levels, and times of onset. In sharp contrast, the

production of autoantibodies against the double-stranded RNA binding proteins NF45/NF90/p110 was

restricted to B6 and B10.S mice. We conclude that pristane selectively induces lupus-specific

autoantibodies in virtually any strain of mouse regardless of its genetic background. However, H-2-

linked as well as non-H2 genes influenced the expression of individual autoantibody markers. The

widespread susceptibility of pristane-treated mice to lupus autoantibody production and the relatively

small effect of MHC are unique features of this chemically induced lupus syndrome, with potential

implications for understanding the pathogenesis of autoantibodies in idiopathic human systemic lupus

erythematosus.
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INTRODUCTION

The production of autoantibodies is a central event in the

pathogenesis of systemic lupus erythematosus (SLE) [1,2]. The

strong association of anti-Sm, anti-dsDNA, and anti-ribosomal P

antibodies with SLE but not with other diseases has been

attributed to MHC differences or other genetic polymorphisms

that determine autoantibody specificity. Autoantibody production

triggered by chemicals or drugs [3±5] also is regulated at least in

part by the genetic background [6±10]. For example, mercuric

chloride, gold, and d-penicillamine induce anti-fibrillarin anti-

bodies in H-2s mice but not in mice of other MHC haplotypes

[8,11]. Similarly, the ability of procainamide to induce anti-

chromatin autoantibodies is strongly influenced by genetic

differences in drug metabolism and possibly MHC haplotype

[6,12]. Interestingly, lupus-specific anti-Sm, anti-dsDNA, and

anti-ribosomal P antibodies are not induced by procainamide or

other drugs regardless of the genetic background, and renal

involvement is rare [3].

Unlike other forms of chemically induced lupus, the

isoprenoid alkane pristane (2, 6, 10, 14 tetramethylpentadecane)

induces a wide spectrum of lupus-specific autoantibodies in

BALB/c and SJL/J mice, including anti-Sm, anti-dsDNA, and

anti-ribosomal P, as well as immune complex-mediated glomerulo-

nephritis [13±15]. The present study examines whether the

induction of lupus-related autoantibodies by pristane is restricted

to these two strains. In contrast to autoantibody production

induced by HgCl2, procainamide, or other drugs, the data indicate

that pristane is capable of inducing the production of lupus

autoantibodies on virtually any genetic background.

MATERIALS AND METHODS

Treatment of mice

Four-week-old female SJL/J, A.SW, B10.S, C57Bl/10 (B10),

BALB/c ByJ, and BALB.K mice were purchased from Jackson

Laboratory (Bar Harbor, ME), and housed in a conventional

animal facility. C57Bl/6J (B6), B6H2k, and B6CH2bm12 mice

were originally purchased from Jackson Laboratory and main-

tained in the University of North Carolina animal facility. DBA/1

and DBA/2 mice were maintained at Wayne State University's
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animal facility. Six A.SW mice were maintained at the University

of North Carolina animal facility and the remainder at Rochester

General Hospital. At 10 weeks of age, mice received a single i.p.

injection of 0´5 ml pristane (Aldrich Chemical Co., St Louis, MO)

or an equal volume of sterile PBS. Sera were collected from either

the tail vein or the orbital sinus before injection, at 2 and 4 weeks

afterwards, and at 1-month intervals thereafter. Urine samples

were tested monthly for protein concentration using Albustix

reagent strips (Miles Labs, Elkhart, IN).

Radiolabelling and immunoprecipitation

Autoantibodies to cellular proteins in murine sera were analysed

by immunoprecipitation of 35S-radiolabelled K562 cell extract

using 4 m l serum per sample as described [13,16]. Specificity was

confirmed using human reference sera containing anti-nRNP, Sm,

Su, ribosomal P, or NF45/NF90 autoantibodies.

Anti-ribosomal P peptide ELISA

A carboxyl-terminal 22 amino acid peptide carrying the major

epitope of ribosomal P0 recognized by human autoimmune sera

was synthesized by FMOC chemistry using a Rainin Symphony/

Multiplex peptide synthesizer, and purified by reverse phase high

performance liquid chromatography (HPLC) [15]. Microtitre plate

wells (Maxisorp Immunoplate; Nunc, Naperville, IL) were coated

with 50 m l of peptide (2 mg/ml) in 20 mm Tris±HCl, pH 8 at 48C
for 16 h. The wells were washed once with NET/NP40 (150 mm

NaCl, 2 mm EDTA, 20 mm Tris pH 7´5, 0´3% Nonidet-P40) and

blocked with 0´5% bovine serum albumin (BSA) in NET/NP40 for

1 h at 228C. They were then incubated with 100 m l of 1:500

mouse serum in blocking buffer for 2 h. Wells were washed,

incubated with 100 m l of 1:1000 alkaline phosphatase-conjugated

goat anti-mouse IgG (Southern Biotechnology, Birmingham, AL)

for 2 h and developed with p-nitrophenyl phosphate substrate.

Optical density (OD) was determined at 405 nm using an ELISA

plate reader (Molecular Devices, Menlo Park, CA).

Subclass ELISA for anti-P peptide antibodies

For comparing the subclasses of anti-P antibodies, part of the

microtitre plate was coated with 3 mg/ml goat anti-mouse k /l
light chain antibodies to generate standard curves with immuno-

globulin standards (IgG1, IgG2a, IgG2b, and IgG3 myeloma

proteins from Southern Biotechnology, each at 100 mg/ml). After

blocking, the wells were incubated with 100 m l of myeloma

protein standards (wells coated with anti-mouse k /l light chain

antibodies) or with a 1:1000 dilution of mouse serum (wells

coated with P peptide) for 16 h at 48C. Alkaline phosphatase-

conjugated goat anti-mouse antibodies (IgG1, IgG2a, IgG2b, or

IgG3 specific; Southern Biotechnology) were then added as

above. The ODs of immunoglobulin standards at 100, 50, 25, 10,

5, 2´5, 1, and 0´5 ng/ml were defined as 1000, 500, 250, 100, 50,

25, 10, and 5 units, respectively. Units of subclass-specific anti-P

peptide immunoglobulin bound were calculated based on the

standard curves using a four-parameter logistic equation as part of

the Softmax ELISA plate reader software interface.

RESULTS

Autoantibody production induced by drugs or chemicals such as

procainamide, hydralazine, and mercuric chloride is restricted to a

narrow range of autoantigens. Susceptibility to both autoantibody

production and the development of symptomatic disease is under

the influence of MHC and other genetic factors. In contrast, the

spectrum of autoantibodies induced by pristane is considerably

broader than that induced by other chemicals or drugs [13±15].

We address here the question of whether susceptibility to pristane-

induced lupus, like susceptibility to other forms of chemically

induced autoimmunity, is restricted to particular strains.

Frequency of pristane-induced autoantibodies in mice with

different MHC haplotypes

The frequencies of anti-ribosomal P, anti-nRNP/Sm, and anti-Su

autoantibodies were determined by immunoprecipitation of

radiolabelled K562 extract using sera from A.SW (H-2s), B6

(H-2b), BALB/c ByJ (H-2d), and DBA/1 (H-2q) mice. As shown in

Table 1, anti-nRNP/Sm and anti-Su autoantibodies were produced

by all four strains, whereas anti-ribosomal P antibodies were

produced by A.SW and B6 mice but not by BALB/c or DBA/1.

Although the numbers were smaller, the H-2k strains B6.H2k

(n � 7) and BALB/K (n � 6) also did not produce anti-ribosomal

P following pristane treatment, but C3H mice produced anti-

ribosomal P antibodies frequently after pristane injection (M.

Satoh, unpublished data), suggesting that H-2k mice are capable of

responding. Like anti-ribosomal P, the induction of autoantibodies

to the double-stranded RNA binding proteins NF45/NF90, p130,

p110, and p80 [16] was restricted to certain strains. Of the 11

strains tested, only B6 and B10.S mice produced these

autoantibodies following pristane treatment (Table 2).

As shown in Table 1, autoantibody frequencies varied

significantly: anti-ribosomal P ranged from 0% to 23%, anti-

nRNP/Sm from 24% to 83%, and anti-Su from 18% to 94%,

suggesting that the ability to produce anti-nRNP/Sm and anti-Su

following pristane treatment is not restricted to particular strains.

In contrast, H-2s, H-2b, and some H-2k mice produced anti-

ribosomal P autoantibodies, whereas H-2d, H-2q mice did not,

suggesting that MHC-linked genes influence their production to

some degree. The production of anti-NF90/NF45, p130, p110, and

p80 autoantibodies also was highly restricted, but the role of MHC

haplotype was less clear: B10.S mice produced these autoanti-

bodies, whereas two additional H-2s strains (SJL/J and A.SW) did

not. Similarly, B6 mice from two different vendors produced these

autoantibodies, whereas other H-2b strains (B10 and BALB.B) did

not.

Table 1. Frequency of autoantibodies to ribosomal P, nRNP/Sm, and Su

H-2 N

Ribosomal

P (%)*

RNP/Sm

(%)* Su (%)*

A.SW s 26 231 542 585,6

B6 b 45 16 242,3,4 185,8,9

BALB/c ByJ d 20 01 554 457,8

DBA/1 q 18 0 833 946,7,9

*Immunoprecipitation assay using sera obtained 6 months after

injecting pristane 0´5 ml intraperitoneally.
1P � 0´0287, Fisher's exact test; 2P � 0´0197, Fisher's exact test;

3P , 0´0001, Fisher's exact test; 4P � 0´0236, Fisher's exact test; 5P �
0´0029, Fisher's exact test; 6P � 0´0059, Fisher's exact test; 7P � 0´0014,

Fisher's exact test; 8P � 0´0322, Fisher's exact test; 9P , 0´0001, Fisher's

exact test.
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Autoantibody frequencies in H-2s mice

To define further the influence of the MHC haplotype in pristane-

induced autoantibody production, the frequencies of anti-riboso-

mal P, anti-nRNP/Sm, and anti-Su in A.SW, SJL, and B10.S mice

(all H-2s) were compared. As shown in Fig. 1, the frequencies of

anti-ribosomal P autoantibodies in SJL/J and B10.S were 75% and

67%, respectively, versus 23% in A.SW (P � 0´0127 for SJL/J

and P � 0´0599 for B10.S versus A.SW; Fisher's exact test). In

contrast, the frequency of anti-nRNP/Sm was higher in A.SW

(54%) than in SJL/J (13%) or B10.S (0%) (P � 0´529 for SJL/J

and P � 0´0238 for B10.S versus A.SW; Fisher's exact test).

Anti-Su antibodies were produced by A.SW mice at a frequency

of 58% compared with 13% in SJL/J mice (P � 0´0425; Fisher's

exact test). The frequency in B10.S (50%) was not significantly

different than that in A.SW. These data strongly suggest that

differences in the genetic background outside of the MHC play a

critical role in determining autoantibody frequency.

The importance of non-MHC genes in determining autoanti-

body frequency also was suggested by the autoantibody profiles of

B10 (H-2b) versus B10.S (H-2s) mice. Anti-ribosomal P was the

most prominent autoantibody specificity detected by immunopre-

cipitating sera from these strains (Fig. 2a,b, respectively). The

characteristic P0, P1 and P2 bands were detected in immunopre-

cipitates of three of seven B10 sera (43%) and four of six B10.S

sera (67%).

Antibodies to ribosomal P peptide

A sensitive C-terminal peptide-based ELISA has been used

previously to measure anti-ribosomal P autoantibodies [17]. It has

been shown that this region, which is shared by the P0, P1, and P2

proteins, bears the immunodominant antigenic determinant

Table 2. Frequency of autoantibodies to NF45/NF90, p130, p110, and

p80 in mice treated with pristane

Strain* H-2 n²

NF45/NF90

(%)

P130

(%)

P110

(%)

P80

(%)

SJL/J s 8 0 0 0 0

A.SW s 6 0 0 0 0

B10.S s 6 33 33 33 33

B10 b 7 0 0 0 0

B6 (Jackson Lab) b 17 23 23 23 23

B6 (Charles River) b 14 36 36 36 36

*The following additional strains did not produce anti-NF45/NF90,

p130, p110, and p80 autoantibodies: BALB.B (n � 5), B6CH2bm12

(n � 19), B6.H2k (n � 9), BALB.K (n � 6), BALB/c ByJ (n � 20),

DBA/1 (n � 18).

²All mice were female except for six males included in the B6

(Jackson) and 15 males included in B6CH2bm12 group. Mice received

pristane at 12±14 weeks of age and autoantibodies were analysed

6 months afterwards by immunoprecipitation.
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Fig. 1. Frequency of antiribosomal P, anti-nRNP/Sm, and anti-Su

antibodies in H-2s mice. A.SW (n � 26), SJL/J (n � 8) and B10.S

(n � 6) mice were injected with pristane (0´5 ml intraperitoneally) and

autoantibodies were determined by immunoprecipitation assay. The

percentage of positive sera is indicated for each autoantibody. Frequencies

in SJL/J (B) and B10.S (A) sera were compared with the frequency in

A.SW sera (hatched) by Fisher's exact test. 1A.SW versus SJL, P �
0´0127; 2A.SW versus B10.S, P � 0´0599; 3A.SW versus SJL, P �
0´0529; 4A.SW versus B10.S, P � 0´0238; 5A.SW versus SJL,

P � 0´0425.

Fig. 2. Immunoprecipitation using sera from pristane-treated B10 and

B10.S mice. Radiolabelled K562 extract was immunoprecipitated using

sera from pristane-treated mice or with prototype human sera with anti-

ribosomal P (P0, P1, and P2, lane r-P), anti-nRNP/Sm (lane RNP), or anti-

Su (100/102 kD proteins, lane Su). (a) Immunoprecipitation with B10 sera.

Lanes 1±7, B10 mice treated 6 months earlier with pristane; lanes 8,9, B10

mice treated 6 months earlier with PBS. (b) Immunoprecipitation with

B10.S sera. Lanes 1±6, B10.S mice treated with pristane 6 months earlier;

lanes 7,8, B10.S mice treated 6 months earlier with PBS. Positions of

molecular weight markers (in kD) are indicated on the right.
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recognized by human and murine anti-ribosomal P autoantibodies.

The onset of the anti-P response was examined in SJL/J, A.SW,

B10.S (H-2s), B10, B6 (H-2b), and BALB/c (H-2d) mice 2, 4 and

6 months after pristane treatment by ELISA (Fig. 3a,b,c, respec-

tively). All eight SJL/J mice treated with pristane developed anti-P

peptide antibodies as early as 2 months after pristane injection.

Half of the B10.S mice (three of six) also had anti-P antibodies at

2 months. However, the development of anti-P antibodies in

A.SW, B10, and B6 mice was delayed until 4±6 months after

pristane injection, even though these strains exhibited a compar-

able frequency of anti-P to that of B10.S at 6 months. None of the

BALB/c mice produced anti-P antibodies during the 6 months

following pristane treatment.

The possibility that some strains develop anti-P peptide
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Fig. 3. Anti-P peptide ELISA. Ten-week-old SJL/J, A.SW, B10.S (H-2s), B10, B6 (H-2b), and BALB/c (H-2d) received a single i.p.

injection of pristane and sera were tested by anti-P peptide ELISA 2, 4 and 6 months later (a,b,c, respectively). OD405nm was converted to

units using a standard curve generated by anti-ribosomal P reference serum. W, PBS-injected mice; X, pristane-injected mice; 1, mice that

died between 4 and 6 months (results from the final bleed are shown). (c) Anti-P peptide antibody levels in the positive sera were compared

using the Mann±Whitney test. 1B10.S versus A.SW, P � 0´0159; 2SJL/J versus A.SW, P � 0´0480; 3B10.S versus SJL, P � 0´0061;
4B10.S versus B10, P � 0´0571.
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antibodies at a high frequency whereas others show higher levels

but a lower frequency was investigated (Fig. 4a,b, respectively).

All SJL/J mice treated with pristane developed anti-P peptide

antibodies at 2 months (Fig. 4a). B10.S (H-2s) mice also

developed anti-ribosomal P antibodies 2±3 months after pristane

treatment, but only in four of six mice. In A.SW (H-2s), the onset

of anti-P was dramatic, but delayed approx. 2 months compared

with SJL/J and B10.S. In contrast, the onset of anti-P was more

gradual in the H-2b strains B10 and B6, with some mice

developing anti-P antibodies as late as 5±6 months after pristane

treatment.

Although the frequency was lower, the mean level of anti-P in

positive B10.S mice was 10-fold higher than in SJL/J (Fig. 3b,c,

note log scale). Despite the high frequency of anti-P antibodies in

A.SW (five of six mice), the mean level of anti-P peptide was

approx. 50-fold lower than in B10.S and approx. 10-fold lower

than in SJL/J or B10. This suggests that H-2s is associated with a

higher probability of developing anti-ribosomal P (Fig. 4a),

whereas non-MHC background genes derived from B10 may be

more important for the production of high levels of these

autoantibodies.

IgG2a anti-P antibodies were detected at similar levels

(approx. 300±550 U) in all positive strains (Fig. 5). This subclass

predominated in A.SW and B6 mice, which showed lower levels

of anti-P than B10.S, B10, or SJL/J (Fig. 4b). The strains with

high levels of anti-P were characterized by the development of

anti-P antibodies of other subclasses in addition to IgG2a: IgG1

and IgG2b in SJL/J; IgG1, IgG2b, and IgG3 in B10.S; and IgG1 in

B10.

Environmental effects

Although the frequency of autoantibody production is affected by

housing conditions [18], pristane induced autoantibodies in mice

at three different facilities (University of North Carolina, Wayne

State University, and Rochester General Hospital). Moreover, a

similar spectrum of autoantibodies was seen in B6 mice from

Charles River and from Jackson Laboratory (Table 2). Thus, the

ability of pristane to induce lupus autoantibodies was not unique

to a particular animal facility or supplier.

DISCUSSION

The C19 isoprenoid alkane pristane induces plasmacytomas [19]

and an erosive arthritis resembling rheumatoid arthritis [20,21].

These effects are highly strain-specific, occurring in BALB/c and

DBA/1, but not in B6, B10, SJL/J or most other strains [20,22,23].

In contrast, the present study shows that pristane induces lupus

autoantibodies (anti-nRNP/Sm, ribosomal P, and Su) in most, if

not all, strains regardless of genetic background. On the other
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Fig. 4. Frequency and levels of anti-ribosomal P antibodies. (a) Onset of

anti-ribosomal P antibody production. Sera obtained at monthly intervals

from pristane-treated SJL/J (W), A.SW (X), B10.S (D), B10 (O), B6 (A),

and BALB/c (B) mice were tested for anti-ribosomal P peptide antibodies

by ELISA. The percentage of positive sera over time is shown. (b) Mean

anti-ribosomal P antibody levels over time. Sera obtained monthly from

pristane-treated SJL/J, A.SW, B10.S, B10, and B6 mice were anti-

ribosomal P peptide antibodies by ELISA. The OD405nm was converted to

units (U). The mean anti-P peptide activity (units) in positive sera over

time is shown,
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Fig. 5. IgG subclasses of anti-P antibodies. IgG subclasses of the anti-P

antibodies were analysed by ELISA. IgG2a anti-P antibodies were

detected at similar levels (approx. 300±550 U) in all anti-P-positive

strains and were the predominant subclass in A.SW and B6 mice, which

produced only low levels of anti-P. The strains with the highest anti-P

antibody levels were characterized by significant production of other IgG

subclasses: IgG1 and 2b in SJL/J; IgG1, 2b, and 3 in B10.S; and IgG1 in

B10.
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hand, autoantibodies against dsRNA binding proteins were more

restricted, being detected only in B6 and B10.S mice, but not other

strains (Table 2). The latter are linked in humans with overlap

syndromes rather than with typical SLE [16,24]. Interestingly,

autoantibodies were not induced by pristane in all mice of a given

strain, though the frequencies generally were higher than the 25%

reported for anti-Sm in MRL/lpr mice [25,26]. It has been

suggested that autoantibody production in MRL/lpr mice involves

stochastic events [26]. This may be true of pristane-induced lupus

as well.

Although the induction of autoantibodies was largely inde-

pendent of background, the specificities, levels, and frequencies of

these autoantibodies appeared to be modulated by both H-2-linked

as well as non-H-2 background genes. With the exception of

arthritis in the DBA/1 mice and plasmacytomas in BALB/c ByJ,

none of the mice surveyed developed joint disease or plasmacy-

tomas after pristane injection, whereas autoimmunity developed in

all strains. Thus, autoantibodies, plasmacytomas, and arthritis

induced by pristane arise through at least partially independent

mechanisms.

Pristane is unique among chemical triggers of lupus-like disease

Numerous chemicals and drugs capable of triggering either

autoantibody production or a lupus-like syndrome have been

identified [3±5]. However, none of them reproduces the spectrum

of autoantibodies seen in human SLE. The latter is associated with

certain `marker' autoantibodies, including anti-Sm, anti-dsDNA,

and anti-ribosomal P as well as a series of lupus-associated

autoantibodies that includes anti-nRNP, anti-ssDNA/histone/

chromatin, anti-Ro (SS-A), anti-La (SS-B), anti-Su, and auto-

antibodies against double-stranded RNA binding proteins [27].

Drugs, such as procainamide, hydralazine, quinidine, chlorpro-

mazine, methyldopa, and isoniazid induce a highly restricted

response directed exclusively against chromatin antigens (ssDNA,

histones, and histone±DNA complexes) [3,4]. These agents do

not induce either lupus marker autoantibodies (anti-Sm, -dsDNA,

-ribosomal P) or lupus-associated autoantibodies (e.g. anti-

Su, -nRNP), in outbred human populations. Similarly, mercury

and other metals induce a highly restricted autoantibody response

against the U3 ribonucleoprotein (fibrillarin) in mice of the H-2s

haplotype [5,7,8].

Pristane is unique in its ability to induce in non-autoimmune

prone mice a broad range of autoantibodies specific for or

associated with lupus [13±16,28]. Most of these autoantibodies

were inducible in a variety of different strains of mice. Strikingly

absent in pristane-treated mice were anti-Ro (SS-A) and anti-La

(SS-B) antibodies. The reason for their absence is not known, but

is consistent with previous data suggesting that they also are

unusual in mice with spontaneous lupus-like syndromes. In

contrast, they can be induced readily by immunization [29],

suggesting that mice are capable of producing them.

Role of the genetic background

Although the genetic background does not appear to be a major

factor in determining susceptibility to autoantibody induction by

pristane, there are important genetic effects on the phenotype of

pristane-induced lupus. Anti-ribosomal P autoantibodies were

produced by all of the H-2s and H-2b strains tested, but were not

produced by H-2d or H-2q mice.

In contrast to anti-ribosomal P, the response to NF90/NF45,

p130, p110, and p80 may reflect the influence of non-H-2-linked

genes, since B10 and B10.S mice were responders, whereas other

H-2b and H-2s strains were not (Table 2). It is likely that the

frequency of anti-nRNP/Sm and anti-Su antibodies was affected

by non-H-2-linked background genes, as well (Fig. 1). Taken

together, these observations suggest that both MHC and non-MHC

linked genes influence the `autoantibody phenotype' of pristane-

treated mice, even though the ability to induce lupus-associated

autoantibodies was relatively strain-independent.

In conclusion, we have shown that most if not all `normal'

(non-autoimmune prone) strains of mice are susceptible to the

induction of lupus-specific autoantibodies by pristane. Although

susceptibility to autoantibody induction is widespread (i.e. not

strongly dependent on genetic background), the autoantibody

repertoire is shaped by both MHC and non-MHC linked genes.

The relative unimportance of the MHC haplotype in determining

whether a particular strain can respond to an autoantigen

following pristane injection was unexpected. This raises the

possibility that other factors, such as which cytokines are induced

preferentially by pristane treatment in a given strain, play an

important role in determining the targets of the autoimmune

process.
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